et al (12) and Schmidt et al (14) reported kinematics results. Fourth, in only three studies were various grades of disc degeneration simulated (6, 13, 14) . Fifth, as a consequence of the fourth shortcoming, an association between a change in the extent of disc degeneration and the biomechanical performance of the spine section modeled is lacking.
INTRODUCTION
There is an extensive literature on myriad clinical aspects of degeneration of the intervertebral disc. For example, 1) magnetic resonance imaging (MRI) is commonly used for detecting early signs of degeneration (1); 2) different grading scales/classification schemes are in use, most being qualitative (for example, mild, moderate, and severe grades (2) ) but quantitative scoring systems have been proposed (3); and 3) degenerative changes in cervical spine discs are implicated in initiating a cascade of events culminating in, for example, severe neck and shoulder pain (4, 5) .
In contrast, the literature on finite element analysis (FEA) studies on models of degenerated spine sections is very limited, with one study on a model of the cervical spine (6) and eight on models of lumbar spine sections (7) (8) (9) (10) (11) (12) (13) (14) . Several shortcomings in this literature are noted. First, in each study, only a short section of the spine was modeled (for example, C4-C6, L3-L4, and L4-L5 in the studies by Kumersan et al (6) , Rohlmann et al (12) , and Schmidt et al (13, 14) , respectively). Second, only a limited number of loading was used (for example, axial compressive load in the study by Kumersan et al (6) ). Third, only Rohlmann FEA of degenerated spine
Model of intact, healthy, adult spine
This model (hereafter, INT model) comprised the vertebral bodies, the bony posterior elements (transverse processes, pedicles, laminae, and spinous processes) the bony structures of the facet joints, the intervertebral discs (IVDs), the endplates, and the ligaments at each level (Fig. 1) . The model was built from digitized quantitative axial computed tomography scans/images of an adult male cadaver that were imported from the Visible Human Project ® dataset (National Library of Medicine, Bethesda, MD, USA). Some details of the model are as follows: the annulus fibrosus (AF) comprised 40% of the volume of an IVD (15) ; the AF was represented as a composite made up of elastic fibers (total volume=20% that of the AF (16) embedded in a matrix of ground substance; and the fibers were represented as rebar/truss elements (cross-sectional area=0.76 mm 2 ) distributed in 8 layers (17) , arranged in an alternating criss-cross manner, with an inclination of ± 25 o with respect to the Table I . In the validation work, we compared our FEA results obtained using the INT model to those from two experimental studies, namely, those by Panjabi et al (27) and Wheeldon et al (28) .
Models of simulated degenerated spines
We created three variants of the simulated degenerated models, simulating a mild grade of degeneration (MLDEG model), a moderate grade of degeneration
TABLE II -RATIONALE FOR AND ASSIGNED VALUES OF ELASTIC PROPERTIES USED FOR THE ANNULUS FIBROSUS AND NUCLEUS PULPOSUS AND THE DISC HEIGHT FOR THE INTERVERTEBRAL DISC AT THE C5-C6, AS A FUNCTION OF THE DISC DEGENERATION GRADE SIMULATED

Simulated disc E for annulus fibrosus E for nucleus pulposus Disc height degeneration grade
Mild
Same as in a healthy disc (6) . Rationale: put E equal to 2 times the Same as for a healthy value of E for the ground substance disc (6). in a healthy disc (11) Thus, E for nucleus pulposus was put equal to 8.4 MPa.
Moderate
Rationale: (1) for the ground Rationale: put E equal to 2 times the Same as for a healthy substance, put E equal to 2 times value of E for the ground substance disc (6) . the value for a healthy disc (30) ; in a healthy disc (11) . and (2) for the elastic fibers, put
Thus, E for nucleus pulposus volume fraction equal to 75% that was put equal to 8.4 MPa. for a healthy disc (30) . Thus, E for the ground substance and the volume fraction of the elastic fibers were put equal to 8.4 MPa and 15 %, respectively.
Severe
Rationale: (1) for the ground Rationale: put E equal to 2 times the 75 % that of a substance, put E equal to 2 times value of E for the ground substance healthy disc (31) . the value for the healthy disc (30) ; in the healthy disc (11) . Thus, anterior and and (2) for the elastic fibers, put
Thus, E for nucleus pulposus posterior heights volume fraction equal to 75% that was put equal to 8.4 MPa. were reduced to of healthy disc (30) .
3.5 mm and Thus, E for the ground substance 2.0 mm, and the volume fraction of the elastic respectively fibers were put equal to 8.4 MPa and 15%, respectively. E = modulus of elasticity. In the annulus fibrosus in a healthy disc, it was taken that there are 20% volume fraction of elastic fibers in the ground substance (16) . In INT model, the mean anterior and posterior heights of the disc at the C5-C6 level were 4.7 mm and 2.7 mm, respectively.
FEA of degenerated spine ROM provides an indication of the extent to which the patient may be able to engage in activities of daily living, from a kinematics perspective.
For each combination of simulated degenerated model and applied loading, we calculated the percentage change of each of the biomechanical parameters determined, relative to the corresponding value when INT model was used. A percentage change (%change) may be regarded as an index of the extent to which the biomechanical functions of the spine are affected by a grade of simulated disc degeneration.
For a given simulated disc degeneration model, the number of %changes, as computed from the results, is large. Thus, in an attempt to facilitate comparison of the three simulated disc degeneration models, we decided to combine all these %changes into a single parameter, which we call the composite biomechanical performance index (CBPI). We computed CBPI using the following expression: CBPI = R1/S1 + R2/S2 + R3/S3, [Eq. 1] where R1 is the number of times the % change in σ MVM exceeds 10%, S1 is the total number of tissues for which we obtained % change in σ MVM results, R2 is the number of times the % change in MSED exceeds 10%, S2 is the total number of tissues for which we obtained % change in MSED results, R3 is the number of times the % change in ROM exceeds 10%, and S3 is the total number of % change in ROM results we obtained.
To reiterate, then, the value of CBPI may be regarded as an overall normalized parameter for the purposes of comparing the relative sensitivities of the biomechanical responses of the three simulated disc degeneration models to the collection of applied loadings imposed.
RESULTS
Convergence test and model validation results
As an illustration, based on the results of the convergence test, an INT model having a mesh density of 264,301 elements and 67,033 nodes ( Fig. 1) was considered to be converged.
Results of the validation exercise and a detailed discussion of these results, leading to the conclusion that the INT model is considered validated, are given in our previous report (18) .
Models of simulated degenerated spines versus model of intact, healthy, adult spine
Because of the large volume of these results (specifically, 7 sets of σ MVM results, 7 sets of MSED results, and 3 sets of ROM results, with each set containing results for the four models), we only present a small sample (Figs.
Boundary conditions and loadings
For each of the four models (INT, MLDEG, MODEG, and SEDEG models), the loading was applied to the superior surface of C1 vertebral body while the inferior surface of C7 vertebral body was fully constrained in all degrees of freedom.
For each of the models, seven different loadings were applied: 1) 1.0 Nm sagittal plane (flexion) moment + 73.6 N axial compressive pre-load; 2) 1.0 Nm sagittal plane (extension) moment + 73.6 N axial compressive pre-load; 3) 1.0 Nm left lateral bending moment + 73.6 N axial compressive pre-load; 4) 1.0 Nm right lateral bending moment + 73.6 N axial compression pre-load; 5) 1.0 Nm clockwise-acting axial rotational moment + 73.6 N axial compression pre-load; 6) 1.0 Nm counter-clockwise-acting axial rotational moment + 73.6 N axial compression pre-load; and 7) a uniform compressive pressure of 0.45 MPa (equivalent to an axial compression force of 250 N only). Note that (a) for each of the loadings 1) -6), the pre-load was applied normal to the surface of the superior endplate of the C1 vertebral body, as a uniform pressure of 0.13 MPa (the area of this superior surface-556 mm 2 -was obtained using the "Query Area Properties" feature in ABAQUS ® 6.4); and (b) each of the moments was applied as a coupled load to the aforementioned surface. The magnitude of each of these applied loadings is physiologically relevant; specifically, the axial compressive pre-load simulates the weight of the head of an adult male (23, 32, 33) and the magnitudes of each of the moments and the axial compression force are within the ranges telemetrically measured during a variety of activities of daily living in a group of patients (34) .
Parameters determined
For each combination of model (INT, MLDEG, MO-DEG, and SEDEG models) and applied loading, the parameters determined were 1) maximum von Mises stress (σ MVM ) in each of the tissues at the C5-C6 level; 2) maximum strain energy density (MSED) in each of the tissues at the C5-C6 level; 3) σ MVM and MSED in each of the tissues at the C4-C5 level; 4) σ MVM and MSED for the superior endplate at C7, the annulus of the C6-C7 disc, and the nucleus of the C6-C7 disc; and 5) total principal rotation angle or range of motion (ROM) at each of the six intersegmental positions. We used items 3) and 4) as examples of the biomechanical response at levels above and below the level of simulated disc degeneration, respectively. σ MVM and MSED were not determined for the bony issues at the C7 level because of the high likelihood that the results will not be true measures of responses to the applied loading given the fact the model was fully constrained at the inferior surface of C7. For a given tissue, we used σ MVM and MSED as indices of the stress-strain state in it, while 2-4). It is to be noted that the trends seen in these results are the same as those seen in the rest of the whole collection of results. For example, 1) for a given simulated disc degeneration grade, the smallest % change in either σ MVM or MSED is in C4 cortical bone; 2) simulated disc degeneration has practically no effect on ROM at the C1-C2 level; and 3) the % change in any one of the biomechanical parameters with change in the severity of disc degeneration simulated is complex.
The principal finding is that there is a continuous increase in CBPI with increase in the simulated severity of disc degeneration simulated (Tab. III).
DISCUSSION
The literature on FEA studies of models of spine sections that contain a degenerated disc is both sparse and characterized by a number of limitations (6) (7) (8) (9) (10) (11) (12) (13) (14) . For example, only one study on the cervical spine (model of C4-C6 subjected to axial compressive load only (6)) and only two studies containing ROM results have been reported (12, 14) . Thus, there is a dearth of information on the biomechanical consequences of disc degeneration. In the present study, we 1) simulated degeneration of the disc at the C5-C6 level (a common site of degeneration in patients) with grades of disc degeneration that cover the spectrum seen clinically, 2) utilized a collection of applied loadings this. The issue of the plausibility of using 10% change as the threshold when computing CBPI should be the subject of future study once relevant clinical data are available, such as the change in transverse relaxation time of the AF in cervical discs (obtained via MRI) as the severity of disc degeneration changes. We recognize that our study has a number of limitations. Six of the most important ones are discussed. First, the cartilaginous structures between the facet joints were not included in our solid model, which means that sliding and articulation at the facet joints were not modeled. We have showed, however, that, in a C4-C6 model, the principal and coupled motions, under a loading of either 1.8 Nm flexion + 73.6 N compression pre-load or 1.8 Nm extension + 73.6 N compression pre-load, ranged from 11% lower to 28% higher when the cartilaginous structures of the facet joints were not included in the model (35) compared to corresponding results when they were (Ha et al (23)). We expect this trend to be the same when a full cervical spine model is used. Second, the muscles of the cervical spine were not included in the solid model, but it is realized that muscle forces have an important influence on spinal motions. Third, we did not include radial, peripheral, and/or circumferential tears in the AF or clefts within the NP in our solid model of the degenerated disc. These features, which are commonly seen in these discs (4), may increase the mobility of the spine, thereby countering the stiffening effect due to the predicted increases in the modulus of the NP, the modulus of the annular fibers in the AF, and the modulus of the ground substance in the AF. Fourth, in addition to the approach we used to represent/simulate a degenerated disc, others have been utilized, albeit on models of the lumbar spine (7) (8) (9) (10) (11) (12) (13) (14) . Examples are: 1) in a model of the L3-L4 FSU, the compressibility (k) of the NP was increased (specifically, k values used for the healthy, slightly degenerated, moderately degenerated, and severely degenerated discs were 5 x 10 , respectively) while the values of the properties for the AF were left unchanged (12); and, 2) in a model of the L4-L5 FSU, degeneration was simulated by decreasing disc height, decreasing endplate curvature, increasing the lengths of osteophytes, increasing k of the NP, and decreasing the stiffnesses of the elastic fiber in AF and the ligaments (13) . Clearly, there is scope for a systematic investigation of the influence that the representation used for simulating the material properties of the AF and the NP in a degenerated disc model exerts on the values of the biomechanical parameters obtained, for a given combination of model and applied loading. This matter, however, is outside the scope of the present study. Fifth, we did not include shear forces in the loadings used although shear stresses are postulated to play a role in disc degeneration (42) . Sixth, we simulated three grades of degeneration although, in any cervical disc degeneration assessment/classification scheme that is that are physiologically relevant, and 3) obtained a wide collection of biomechanical parameters, including ROM. In other words, the present study may be regarded as being comprehensive, raising the possibility that the results obtained could be treated in such a way as to provide insights that may have clinical relevance.
In the present work, we utilized several simplifications, three key assumptions, and one caveat. Some of these simplifications are common to FEA studies of models of spine sections that contain a degenerated disc (for example, treating the geometry of the cancellous bone as a continuum (6) (7) (8) (9) (10) (11) (12) (13) (14) , neglect of time-dependent effects in the AF and NP (6) (7) (8) (9) (10) (11) (12) (13) (14) , and neglect of the effect of tears in the AF (6, 13, 14) ) while others are specific to the present study. Among the latter, the most important, arguably, is the fact that we considered each of the two constituents of the AF (the ground substance and the reinforcing fibers) as well as the NP to be isotropic, elastic solids. Although this constitutive material behavior model has been used for these tissues in a number of previous FEA studies of the cervical spine (23, 32, 33) , many other material models have also been used. Among these are the Mooney-Rivlin hyperelastic or neo-Hookean hyperelastic models for the ground substance (35) , nonlinear stress-strain relationship for the AF fibers (36), hyperelastic incompressible solid for the NP (37); incompressible fluid for the NP (6); and poroelasticity for both the AF and the NP (38) . The issue of sensitivity of the results obtained for the material models used for the AF and the NP in the present models is outside the ambit of the present study. The first key assumption was that, in the INT model, all the tissues, with the exception of the disc at C5-C6, were not degenerated. It is recognized, however, that degeneration may present at more than one level simultaneously. The second key assumption was that the height of the disc was reduced markedly only in the case of the simulated severely degenerated disc. The extent to which height of a disc is affected by disc degeneration is a controversial issue, with some workers finding a weak trend between disc height and degenerative changes (39) while others reporting a significant association (40) . It appears, however, that there is agreement that pronounced reduction in disc height is seen in severely degenerated discs (39, 40) . It is for this reason that a reduced disc height was used only in the SEDEG model. The third key assumption is that the line of action of the preload passes through the instantaneous center of rotation of C1 and, hence, the load does not generate an additional moment about that axis. This is very likely the case except, perhaps, when axial rotation moment is applied (41) . The caveat to be noted is that we used CBPI as an index of the biomechanical performance of a given simulated disc degeneration model. We recognize that using CBPI for this purpose is not definitive; that is, other approaches may be taken to capture all the biomechanical data obtained. We contend, however, that CBPI is a reasonable way of doing degeneration, bone remodeling may occur in the cortical bone at C5 (45) , which may lead to the formation of osteophytes in it (5). In fact, anterior osteophytes are seen in the vertebral columns of degenerated discs (46) . The clinical relevance of CBPI should be the subject of future study using, for example, results of the change in transverse time of the AF in cervical discs, obtained via MRI, with change in the degeneration status of the discs.
CONCLUSIONS
There are two principal conclusions of this study. First, we introduced a new index of the biomechanical performance of a model of the full cervical spine, and designate it CBPI. Second, when degeneration of the C5-C6 disc is simulated, there is an increase in CBPI in going from simulated mild grade to simulated moderate grade and in going from simulated moderate grade to simulated severe grade. The clinical relevance of CBPI should be investigated in future work. used in the clinical setting, there is, typically, more than three grades; for example, in both the Mehalic et al (29) and Dai schemes (43), there are four. However, the three simulated grades that we used cover the spectrum of grades in any clinical assessment/classification scheme.
Two relevant issues are noted. The first concerns the magnitudes that we used for the changes in four parameters of the disc (namely, the elastic modulus of the NP, the elastic modulus of the annular fibers in the AF, the elastic modulus of the ground substance in the AF, and the disc height) that accompany changes in the degeneration status of the disc. Although these magnitudes are supported by results from relevant literature studies (11, 30, 31) , other magnitudes of the aforementioned property changes are possible. The second regards the magnitude of the applied bending moment (M) we used (1.0 Nm). We recognize that although M is physiologically relevant (34) , in other studies, M in the range 0.5 Nm to 2.5 Nm was used (17, 36) . Sensitivity studies would be needed to determine the impact of the magnitudes of the changes in the aforementioned disc parameters and of M on the present results, but this is outside the scope of our work.
The simplifications/assumptions and limitations, discussed above, do not undermine the validity of our findings, borne out by the fact that two trends in the present study are consistent with ex vivo biomechanical and clinical observations. First, the decrease in ROM with increase in severity of disc degeneration simulated, under each of the applied loadings, is in agreement with the results of an ex vivo biomechanical study on lumbar spines, subjected to flexion/extension moment and to lateral bending moment (44) . Second, the progressive increase in σ MVM in the cortical bone at C5 with increase in severity of disc degeneration simulated suggests the possibility that, with disc
